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SUMMARY

Thermally oxidized oil generates reactive oxygen species that have been implicated

in several pathological processes including hypertension. This study was to ascer-

tain the role of inflammation in the blood pressure raising effect of heated soy-

bean oil in rats. Male Sprague-Dawley rats were divided into four groups and

were fed with the following diets, respectively, for 6 months: basal diet (control);

fresh soybean oil (FSO); five-time-heated soybean oil (5HSO); or 10-time-heated

soybean oil (10HSO). Blood pressure was measured at baseline and monthly using

tail-cuff method. Plasma prostacyclin (PGI2) and thromboxane A2 (TXA2) were

measured prior to treatment and at the end of the study. After six months, the

rats were sacrificed, and the aortic arches were dissected for morphometric and

immunohistochemical analyses. Blood pressure was increased significantly in the

5HSO and 10HSO groups. The blood pressure was maintained throughout the

study in rats fed FSO. The aortae in the 5HSO and 10HSO groups showed sig-

nificantly increased aortic wall thickness, area and circumferential wall tension.

5HSO

and 10HSO diets significantly increased plasma TXA2/PGI2 ratio. Endothelial

VCAM-1 and ICAM-1 were significantly increased in 5HSO, as well as LOX-1 in

10HSO groups. In conclusion, prolonged consumption of repeatedly heated

soybean oil causes blood pressure elevation, which may be attributed to

inflammation.
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Hypertension is a common health problem worldwide.

According to the World Health Organization’s Global

Health Risks 2009; hypertension accounts for 13% of mor-

tality globally. It is the major risk factor for cardiovascular

diseases, including heart failure (Iyer et al. 2010). Dietary

factors have been known to be playing an important role in

hypertension. For instance, the consumption of a Mediterra-

nean diet with an abundant source of monounsaturated fatty

acids (MUFAs) from olive oil might reduce the prevalence

of hypertension (Alonso et al. 2006). Nevertheless, the qual-

ity of vegetable oils consumed in the diet might also affect

blood pressure. Vegetable oils are usually served in the ther-

mally oxidized state because of the heat exposure during

food preparation. Soriguer et al. 2003 reported that the risk

of hypertension was positively associated with the intake of

cooking oil polar compounds.

Deep frying has become one of the most commonly used

methods of the food preparation. In today’s time deficient

lifestyle, deep fried foods are gaining more popularity in

daily diet because of their desirable sensory characteristics

(Boskou et al. 2006). Deep frying is defined as the process

of cooking foods by immersing them in edible oil at the

temperature of 150–200 °C (Yamsaengsung & Moreira

2002). At the same time, the vegetable oils are also

exposed to the air and moisture, in which they undergo a

complex series physical and chemical deterioration known

© 2012 Universiti Kebangsaan Malaysia.

Malaysia. International Journal of Experimental Pathology © 2012 International Journal of Experimental Pathology 377

Int. J. Exp. Path. (2012), 93, 377–387



as ‘lipid oxidation’, like hydrolysis, polymerization and

isomerization. This oxidative deterioration affects the

chemical compositions of the vegetable oils by oxidizing its

fatty acids (Marmesat et al. 2008), decreasing the free radi-

cal scavenging vitamin E contents (Rossi et al. 2007) and

generating polar compounds and polymeric products

(Romero et al. 2006; Bansal et al. 2010). In combination,

these lipid oxidation products are detrimental to the endo-

thelial cells. Moreover, during deep-frying process, it is

common for the vegetable oils to be re-used repeatedly to

cut the cost.

The oxidation products may disturb the redox steady state

(Boueiz & Hassoun 2009), causing an imbalance between

the vasodilator prostacyclin (PGI2) and vasoconstrictor

thromboxane A2 (TXA2) (Muzaffar et al. 2011). PGI2
protects against elevated blood pressure and leucocytes

adhesion, and it is therefore considered to be cardioprotec-

tive. On the contrary, TXA2 amplifies platelet aggregation

and triggers vasoconstriction, counteracting the effect of

PGI2. Hypertension is associated with an imbalance between

the vasoactive substances (Yamada et al. 1999). Addition-

ally, excessive oxidant might cause inflammation, which may

as well play an imperative part in the pathogenesis of hyper-

tension (Ghanem & Movahed 2007). Endothelium is the

major regulator of vascular health as well as the primary tar-

get of immunological attack in inflammatory responses. Vas-

cular cell adhesion molecule-1 (VCAM-1), intercellular

adhesion molecule-1 (ICAM-1) and lectin-like oxidized low-

density lipoprotein receptor (LOX-1) are expressed by endo-

thelium and are up-regulated in response to inflammatory

insult (Chen et al. 2002; Kim et al. 2011). VCAM-1 and

ICAM-1 mediate leucocytes binding to the endothelium.

Infiltration of inflammatory molecules may disturb the nor-

mal function of endothelium in regulating blood pressure.

On the other hand, enhanced expression of LOX-1, which

acts as a cell receptor for endocytosis of oxidized low-density

lipoprotein (Ox-LDL), may attenuate the endothelial func-

tion and cause hypertension (Ogura et al. 2009).

Long-term intake of meal containing repeatedly heated

oil has been reported to cause an increase in blood

pressure (Leong et al. 2008). The present study was

undertaken to investigate the possible inflammatory mech-

anisms involved in the increase in blood pressure follow-

ing prolonged consumption of repeatedly heated soybean

oil in experimental rats. We compared the effects between

fresh, five-time-heated (5HSO) and 10-time-heated

(10HSO) oils to see whether the changes were affected by

the reheating frequency.

Materials and methods

Experimental animals

Twenty-four male Sprague-Dawley rats (n = 24) aged

3 months, weighing 200–280 g were obtained from the

Laboratory Animal Resource Unit, Universiti Kebangsaan

Malaysia. The rats were housed in stainless steel cages and

kept at room temperature of 27 ± 2 °C at Pharmacology

Department Animal House. All rats had free access to food

and tap water throughout the experiment. The handling

and experimental protocols were reviewed and approved

by the Universiti Kebangsaan Malaysia Animal Ethics

Committee.

Ethical approval

FP/FAR/2008/KAMSIAH/9-APR/220-APR-2008-FEB-2011

(UFMG) (protocol 122/2008).

Soybean oil source and experimental diets preparation

Commercially purchased soybean oil (Sunbeam, Sime Darby

Edible Products Limited, Singapore) was used in fresh state

or heated five times or 10 times, based on the method

described by Owu et al. 1998 with some modifications.

Briefly, 2.5 l of fresh soybean oil (FSO) was heated to 180 °
C in a stainless steel wok and used to fry 1 kg of peeled and

sliced sweet potatoes for 10 min. The heated oil was

allowed to cool for 5 h prior to the next frying. The entire

frying process was repeated four and nine times to obtain

5HSO and 10HSO, respectively, with a fresh batch of sliced

sweet potatoes. No replenishment of fresh oil was carried

out between batches to make up for the loss because of

uptake of the oil by the frying material. Standard rat chow

(Gold Coin, Kepong, Malaysia) was ground and formulated

by mixing 15% weight/weight (w/w) of respective oils pre-

pared. The mixture was moulded into pellets and dried in

an oven at 80 °C overnight. The prepared diets were then

kept in plastic packets to prevent from air and moisture.

Measurement of peroxide value

The peroxide value of oil was determined according to the

American Oil Chemists’ Society (AOCS) standard titration

method (Official method Cd 8-53). It was expressed as

mille-equivalents of active oxygen per kilogram of oil sam-

ple, mEq O2/kg.

Study design

After a week of acclimatization, the rats were randomly

divided into four groups, namely one control and three

experimental groups with six rats per group. The control

group was fed rat chow only without any addition of oil.

The three experimental groups were fed basal diet fortified

with 15% w/w of FSO, 5HSO or 10HSO respectively for

6 months. The body weight and food intake were measured

weekly during the study period. Blood pressure was mea-

sured at baseline and monthly. Blood was sampled prior to

treatment and at the end of the treatment. The blood was

then centrifuged to obtain plasma for further biochemical

tests. At the end of the study, rats were sacrificed, and aortic

arches were excised. The specimens were rapidly isolated

from adherent adipose and connective tissues. The aortae
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were then processed according to the routine histological

procedures for histological and immunohistochemical pur-

poses (Hewitson et al. 2010).

Measurement of blood pressure

Systolic blood pressure of rats was measured by the non-

invasive tail-cuff method using PowerLab data acquisition

systems (ADI Instruments, Bella Vista, NSW, Australia) after

warming the rats for 10 min. Five readings were obtained

from each rat, and systolic blood pressure was averaged.

Measurement of prostacyclin metabolites

Plasma PGI2 was measured as the concentration of 6-keto

prostaglandin F1a (6-keto-PGF1a), a stable metabolite of

PGI2. It was determined by using commercially available

kits (Cayman Chemical, Ann Arbor, MI, USA) following the

manufacturer’s instructions. The developed colour intensity

was measured at 412 nm on Emax ELISA microplate reader

using the SOFTMAX PRO Software (Molecular Devices,

Sunnyvale, CA, USA).

Measurement of thromboxane A2 metabolites

TXA2 production was measured by its metabolites thrombox-

ane B2 (TXB2). Enzyme immunoassay kits (Cayman Chemi-

cal, Ann Arbor, MI, USA) were used to measure the plasma

level of TXB2 as described by the manufacturer. The intensity

of coloured product was measured at a wavelength of

412 nm on Emax ELISA microplate reader using the SOFTMAX

PRO Software (Molecular Devices, Sunnyvale, CA, USA).

Microscopic examination of aortic wall

Aortic arches were embedded in Paraplast Plus (Sigma-

Aldrich, St. Louis, MO, USA), and 5-lm transverse sections

were accomplished (Leica RM2235, Walldorf, Germany)

and adhered to glass slides. The sections were stained with

haematoxylin and eosin (H&E) to identify the nuclei and

vascular smooth muscle cells. Aortic sections were also

stained with Verhoeff–van Gieson (VVG) to identify elastic

fibres and smooth muscle cells. All sections were examined

under a light microscope.

Measurement of aortic morphometry

Images of five non-consecutive VVG-stained aortic sections

per animal were captured (JPEG format, 24-bit colour,

2560 9 1920 pixels) using a MICROPUBLISHER 5.0 RTV cam-

era (Q Imaging, Surrey, BC, Canada) and a Nikon Eclipse

80i microscope (Nikon Corporation, Tokyo, Japan). The

images were analysed using the software IMAGE-PRO Plus ver-

sion 7.0 (Media Cybernetics, Silver Spring, MD, USA). Mor-

phometric measurements including aortic wall thickness,

aortic wall area, lumen diameter, elastic lamellae number,

circumferential wall tension (CWT) and tensile stress (TS)

were determined according to the method described by Fer-

nandes-Santos et al. 2009.

On the other hand, the aortic sections stained with H&E

were used to measure the number of smooth muscle cell

nuclei in tunica media and the mean area of each nucleus.

This was carried out according to described methods with

some modifications (Levy et al. 1996; Zaina & Pettersson

2001). The image was segmented into a new binary image,

where the black colour represented the nuclei. Before calcu-

lation, any artefact or particles under the predetermined size

were eliminated. The number of cell nuclei and area of each

of them were then calculated within four fields of approxi-

mately 10,000 lm2 at 0°, 90°, 180° and 270° on each sec-

tion. In all cases, values obtained from each spot were

pooled and averaged to obtain the individual value for each

section.

Immunohistochemical staining of VCAM-1, ICAM-1 and
LOX-1

Before immunohistochemically staining the aortic sections, a

control experiment was performed on a known positive tis-

sue to evaluate the optimal antigen retrieval time and condi-

tions (pH, antibody concentration and incubation duration)

for the particular primary antibodies being used. Microwave

heat-induced antigen retrieval method was applied to

unmask the epitope.

Paraffin-embedded aortic rings were transversely sectioned

at the thickness of 5 lm and adhered to poly-lysine precoat-

ed glass slides (Polysine, Thermo Scientific, Braunschweig,

Germany). The sections were baked at 40 °C overnight

before being deparaffinized in xylene and rehydrated in

graded alcohols. After that, the sections were subjected to

the respective microwave antigen retrieval methods. The sec-

tions were then cooled in running tap water for 10 min. A

micropolymeric labelling method was applied in the immu-

nohistochemical staining by using the UltraVision Quanto

kit (Thermo Fisher Scientific, Fermont, CA, USA). All steps

were carried out in humidified chambers to prevent drying

of the tissues.

Briefly, the sections were incubated with hydrogen perox-

ide to block endogenous peroxidase and followed by Ultra

V Block to reduce non-specific background staining. The

aortic sections were then incubated with respective primary

antibodies at room temperature for an hour: a rabbit poly-

clonal antibody anti-rat VCAM-1 (diluted 1:100, sc-8304;

Santa Cruz Biotechnology, CA, USA); or a mouse monoclo-

nal antibody anti-rat ICAM-1 (diluted 1:50; NB500-318;

Novus Biologicals, Littleton, CO, USA); or a rabbit poly-

clonal anti-rat LOX-1 (diluted 1:100; NB500-318; Novus

Biologicals). The reaction was amplified with primary anti-

body amplifier, followed by HRP Polymer. Antibody bind-

ing was visualized with diaminobenzidine (DAB) and

counterstained with haematoxylin. All sections were cover-

slipped and mounted with DPX mounting medium. The

slides were left to dry in the fume hood before quantifica-

tion.
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Quantification of VCAM-1, ICAM-1 and LOX-1
immunostaining

Immunostaining of VCAM-1, ICAM-1 and LOX-1 were

quantified as described by Moraes-Teixeira et al. 2010.

Digital images were acquired (JPEG format, 24-bit colour,

2560 9 1920 pixels) with a MicroPublisher 5.0 RTV camera

(Q Imaging, Surrey, BC, Canada) and a Nikon Eclipse 80i

microscope (Nikon Corporation, Tokyo, Japan) and analysed

with the software IMAGE-PRO Plus version 7.0 (Media Cyber-

netics). Briefly, intima and media of the entire aortic ring

were divided into several fields. The immunostaining was

selected and segmented into a new binary image, where white

colour represented immunostaining and black colour repre-

sented unstained area. Tunica intima boundary was delimited

using an irregular ‘area of interest’ tool. The percentage of

area that was occupied by white colour (i.e. the immuno-

staining) inside the delimited tunica intima was quantified

using the image histogram tool (Mandarim-de-Lacerda et al.

2010). Immunostaining was expressed as the percentage of

tunica intima area (%). Measurements were obtained from

five non-consecutive aortic sections from each animal.

Statistical analysis

All results were presented as mean ± standard error of mean

(SEM). The normality of data was first determined by using

Kolmogorov–Smirnov test. Paired Student’s t-test was used

to analyse the level differences between pre- and post-

treatment data for the same group. To compare the results

amongst the experimental groups, one-way analysis of vari-

ance (ANOVA) followed by Tukey’s honestly significant differ-

ences (HSD) post hoc test was performed. The correlations

between parameters were analysed with Pearson’s correla-

tion test. A value of P < 0.05 was adopted as statistically

significant. All statistical analyses were performed using the

software SPSS version 14.0 software (SPSS, Inc., Chicago, IL,

USA).

Results

Peroxide value of oil

Peroxide value in the oil was increased after being repeat-

edly heated. 5HSO and 10HSO both showed significantly

increased peroxide values (P < 0.05) compared to the fresh

oil. In addition, peroxide values in 10HSO was significantly

higher (P < 0.05) than in 5HSO (Figure 1).

Growth performance

As shown in Figure 2, the animals from all the experimental

groups exhibited good growth performance, with a gradual

increase in body weight along the experimental period. By

the end of the study, the body weight of rats was signifi-

cantly different (P < 0.05) than their respective initial body

weight. FSO and 5HSO groups did not show different

weekly dietary intake than the control. However, the weekly

dietary intake of 10HSO group was significantly decreased

(P < 0.05) compared to the control.

Blood pressure

There was a significant increase in blood pressure after

6 months of feeding with 5HSO or 10HSO (P < 0.05). The
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Figure 1 Peroxide value in oil. Data are average of three
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Figure 2 Growth performance of rats throughout the study
period. Data are expressed as mean ± SEM. FSO, fresh soybean
oil; 5HSO, five-time-heated soybean oil; 10HSO, ten-time-
heated soybean oil. *Significantly different (P < 0.05) between
pre- and post-treatment body weight for same group.
†Significantly different (P < 0.05) compared to control.
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increase in blood pressure was observed starting from month

1 and to the end of the study. The increments for 5HSO

and 10HSO groups were 20% and 33% compared to the

initial blood pressure respectively. At the end of the experi-

ment, the blood pressure in rats fed 5HSO or 10HSO was

significantly higher (P < 0.05) compared to the control and

FSO groups. On the other hand, the blood pressure of the

control and FSO groups did not change significantly

throughout the experiment (Figure 3).

Changes of plasma prostanoids

There was a significant reduction in 6-keto-PGF1a concentra-

tion in the rats fed 5HSO or 10HSO compared to the control

and FSO groups (P < 0.05). The percentage of reduction in

6-keto-PGF1a for 5HSO and 10HSO groups was 50% and

55%, respectively, compared to the baseline values. However,

there was no significant difference in 6-keto-PGF1a concentra-

tion observed in the FSO and control groups. FSO and 5HSO

increased the plasma level of TXB2 in rats, with 17% and

67% increment respectively. However, 5HSO group showed

significantly increased (P < 0.05) TXB2 compared to the

other groups. In contrast, TXB2 was decreased in 10HSO

group (a reduction of 10% compared to the baseline). Never-

theless, both 5HSO and 10HSO significantly increased

(P < 0.05) the TXB2/6-keto-PGF1a ratio in the rats compared

to the control and FSO groups (Figure 4).

Morphometry and histology of aortic wall

The aortic wall of the rats that had been fed 5HSO or

10HSO showed significantly increased (P < 0.05) thickness,

area and CWT compared to the control and FSO groups.

Lumen diameter, elastic lamellar number and TS did not dif-

fer significantly amongst the groups (Table 1).

Figure 5 demonstrates the aortic sections stained with

VVG or H&E. Elastic lamellae in the control and FSO

groups were homogenous and parallel without disrupted

lamellae. However, there was disarray and fragmentation of

elastic lamellae in the tunica media of 5HSO and 10HSO

groups compared to the control and FSO groups. On the

other hand, smooth muscle cell nuclei were stained purple

with H&E and located between elastic lamellae. There was

no significant difference observed in the number of smooth

muscle cell nuclei and the nuclei size amongst the groups.

However, we observed an increasing pattern in nuclear size

from the control to the 10HSO group (Table 1).

Expression of VCAM-1, ICAM-1 and LOX-1 in aorta

There were significant increases (P < 0.05) in VCAM-1 and

ICAM-1 expressions in both 5HSO and 10HSO groups

compared to the control and FSO groups. Similarly, there
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Figure 4 Changes in plasma prostanoids in rats after 6-month
feeding period. Data are expressed as mean ± SEM. FSO, fresh
soybean oil; 5HSO, five-time-heated soybean oil; 10HSO, ten-
time-heated soybean oil; TXB2, thromboxane B2; 6-keto-PGF1a,
6-keto prostaglandin F1a. *Significantly different (P < 0.05)
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compared to the FSO group; ‡Significantly different (P < 0.05)
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was a significant increase (P < 0.05) in LOX-1 expression in

10HSO-fed rats compared to the control and FSO groups.

However, the expression in 5HSO group did not differ sig-

nificantly when compared with the control and FSO groups.

There was no significant difference found between the con-

trol and FSO groups (Table 2).

As demonstrated in Figure 6, aortic sections from rats fed

5HSO or 10HSO showed remarkably intense staining of

Table 1 Aortic morphometric measurements

Group

Control FSO 5HSO 10HSO

Aortic wall thickness (lm) 105.594 ± 1.995 111.920 ± 3.642 130.132 ± 1.994*,† 140.127 ± 6.049*,†

Aortic wall area (mm2) 0.476 ± 0.015 0.526 ± 0.031 0.665 ± 0.021*,† 0.685 ± 0.036*,†

Lumen diameter (mm) 1.330 ± 0.026 1.378 ± 0.042 1.446 ± 0.030 1.417 ± 0.045

Lamellar number 10.333 ± 0.670 10.362 ± 0.438 9.612 ± 0.238 10.638 ± 0.320

CWT (104 dyne/cm) 1.048 ± 0.057 1.032 ± 0.076 1.282 ± 0.043*,† 1.312 ± 0.022*,†

TS (104 dyne/cm2) 99.381 ± 5.492 91.739 ± 4.740 95.930 ± 3.632 100.504 ± 5.960

Nuclei count (number per 10,000 lm2 field) 36.556 ± 4.110 29.750 ± 2.281 36.500 ± 3.608 34.833 ± 1.927

Nuclei size (lm2) 17.649 ± 1.481 18.952 ± 0.526 19.251 ± 1.825 20.535 ± 1.512

Results are presented as mean ± SEM. FSO, fresh soybean oil; 5HSO, five-time-heated soybean oil; 10HSO, ten-time-heated soybean oil;

CWT, circumferential wall tension; TS, tensile stress.
*Significantly different (P < 0.05) compared to the control.
†Significantly different (P < 0.05) compared to the FSO group.
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Figure 5 Photomicrographs of aortic sections stained with VVG or H&E. Aortic wall in 5HSO and 10HSO groups is thicker than
the control and FSO groups, with an increased interlamellar space. Note the disorganization and fragmentation of the elastic
lamellae in the VVG-stained tunica media (arrows). L, lumen; TM, tunica media; TA, tunica adventitia; FSO, fresh soybean oil;
5HSO, five-time-heated soybean oil; 10HSO, ten-time-heated soybean oil. (Magnification = 9200; calibration bar = 50 lm).

Table 2 Immunohistochemical analyses of adhesion molecules in aorta

Group

Control FSO 5HSO 10HSO

VCAM-1 16.66 ± 1.17 14.44 ± 0.42 29.15 ± 1.03*,† 36.87 ± 4.15*,†

ICAM-1 19.33 ± 2.62 16.35 ± 1.45 38.53 ± 4.82*,† 48.66 ± 3.84*,†

LOX-1 8.61 ± 2.13 10.00 ± 1.58 14.87 ± 1.58 15.81 ± 1.87*

Results are expressed in% of tunica intima area and presented as mean ± SEM. FSO, fresh soybean oil; 5HSO, five-time-heated soybean oil;

10HSO, ten-time-heated soybean oil; VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular adhesion molecule-1; LOX-1, lectin-

like oxidized low-density lipoprotein receptor.
*Significantly different (P < 0.05) compared to the control.

†Significantly different (P < 0.05) compared to the FSO group.
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VCAM-1 and ICAM-1 of the tunica intima compared to the

control and FSO groups in which the aortic sections showed

relatively little staining. In addition, the aortic section of

10HSO group showed relatively stronger immunostaining

for LOX-1 compared to the control and FSO groups.

Correlation between parameters

Table 3 summarises the correlations between the parame-

ters. There were significant positive correlations between the

blood pressure and VCAM-1 (r = 0.691, P < 0.01); ICAM-1

(r = 0.879, P < 0.01); LOX-1 (r = 0.677, P < 0.01); and

TXB2/6-keto-PGF1a ratio (r = 0.557, P < 0.01). In addition,

the TXB2/6-keto-PGF1a ratio was found to be significantly

correlated with VCAM-1 (r = 0.595, P < 0.01); ICAM-1

(r = 0.603, P < 0.01); as well as LOX-1 (r = 0.453,

P < 0.05). LOX-1 expression was found to be significantly

correlated with VCAM-1 (r = 0.368, P < 0.05) and ICAM-1

(r = 0.590, P < 0.01).

Discussion

Repeated heating of soybean oil has been shown to diminish

the protective effects of the oil (Adam et al. 2008). The lipid

oxidation of the heated oil might induce vascular inflamma-

tion and disturb blood pressure regulation. Soybean oil was

used in this study because it is an important source of edible

vegetable oil. According to the database by the United States

Department of Agriculture (USDA) in United States Depart-

ment of Agriculture. 2010; the total world consumption of

vegetable oil in 2010/2011 was 146.01 million metric ton-

nes (Mt), which including 41.67 Mt soybean oil.

We observed that the extent of lipid oxidation in soybean

oil was influenced by the frequency of frying. The more fre-

quently the soybean oil was reheated, the higher the perox-

ide value in the oil. The process of heating the cooking oil

repeatedly increases the thermal degradation of the oil as

reported in the studies by Juárez et al. (2011). Peroxide

value is a useful method to determine the quality of oil. It is

an index to measure the concentration of hydroperoxide,

which is formed during lipid oxidation (Gotoh & Wada

2006). Like other lipid oxidation products, hydroperoxide is

considered to be one of the reactive oxygen species (Boueiz

& Hassoun 2009). We believe that peroxide value, at least

in part, indicates the amount of reactive oxygen species

present in the oil as well as the degree of oxidative deterio-

ration.

In the present study, prolonged consumption of FSO,

5HSO or 10HSO did not retard the growth performance of

the rats, as there was a significant increase in body weight

at the end of the study for all the groups. However, rats fed

diet fortified with 10HSO showed significantly lower dietary

intake compared to the other groups. Dietary preference is

influenced by the sensory properties of the food, such as

its taste, smell, colour and texture (Larsen et al. 2011).

During the process of deep frying, the oil undergoes a spec-

trum of deleterious reactions such as oxidation, hydrolysis

and polymerization that degrade the quality of the oil.

Oxidation, especially, is responsible for the development of

rancid flavour in the oil. This situation spoils its palatability

and taste, which may be responsible for the lower dietary

intake in 10HSO groups. Moreover, fortification of heated

oil may affect the digestibility and absorption in the experi-

mental animals (Burenjarga & Totani 2008).

FSO had no significant effect on blood pressure in the rats

throughout the experimental period. Ribeiro et al. 2010 also

demonstrated similar results in rats fed soybean oil. The

studies by Radaelli et al. 2006 and Erkkilä et al. 2008

reported that soybean oil, which is rich in polyunsaturated

fatty acids (PUFAs), is thought to be beneficial to cardiovas-

cular health. The abundance of a-linolenic acid, an n-3

essential fatty acid in soybean oil may be responsible for this

effect (Nadtochiy & Redman 2011). However in this study,

repeatedly heated soybean oil was shown to increase blood
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Figure 6 Photomicrographs of aortic sections showing
immunohistochemical staining for VCAM-1, ICAM-1 and
LOX-1. L, lumen; TI, tunica intima; TM, tunica media; TA,
tunica adventitia; FSO, fresh soybean oil; 5HSO, five-time-
heated soybean oil; 10HSO, ten-time-heated soybean oil;
VCAM-1, vascular cell adhesion molecule-1; ICAM-1,
intercellular adhesion molecule-1; LOX-1, lectin-like oxidized
low-density lipoprotein receptor. (Magnification = 9400;
calibration bar = 50 lm).

Table 3 Correlations between parameters

Blood

pressure

TXB2/6-

keto-PGF1a
ratio LOX-1

VCAM-1 0.691† 0.595† 0.368*
ICAM-1 0.879† 0.603† 0.590†

LOX-1 0.677† 0.453* -

TXB2/6-keto-PGF1a ratio 0.557† - -

VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular

adhesion molecule-1; LOX-1, lectin-like oxidized low-density lipo-

protein receptor; TXB2, thromboxane B2; 6-keto-PGF1a, 6-keto

prostaglandin F1a.
*significant correlation at p < 0.05.
†significant correlation at p < 0.01.
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pressure in rats. This finding was in accordance with a pre-

vious study showing prolonged intake of repeatedly heated

oil increased blood pressure (Leong et al. 2008). Few studies

have demonstrated the possible links between hypertension

with the consumption of polar compounds in the cooking

oil (Soriguer et al. 2003) and the increase in the levels of

reactive oxygen species (Chan et al. 2006). We believe that

the deleterious effect of prolonged intake of 5HSO or

10HSO on blood pressure might be contributed by the

increased reactive oxygen species, as reflected by higher level

of peroxide value in 5HSO and 10HSO. Although we did

not measure the serum thiobarbituric acid reactive substance

(TBARS) as one of the oxidative stress markers, our earlier

experiment reported that heated soy oil increased lipid oxi-

dation as indicated by a significant increase in TBARS

(Adam et al. 2008). This finding suggests that heated soy-

bean oil impairs oxidative status in the rats.

Intake of 5HSO or 10HSO increased the expressions of

adhesion molecules VCAM-1 and ICAM-1, which may indi-

cate endothelial activation and inflammatory responses in

the rats. Increased presence of reactive oxygen species can

overwhelm the intercellular antioxidant defence, leading to

inflammation and endothelial injury as described by Wil-

liams et al. (1999). The result of our present study was in

agreement with Lee et al. (2001) who reported that changes

in the oxidative status of endothelial cells are responsible

for the expression of adhesion molecules.

Furthermore, we observed significant positive correlations

between blood pressure and both VCAM-1 and ICAM-1

expressions. These findings suggest that inflammation might

play a role in the elevation of blood pressure following pro-

longed consumption of repeatedly heated soybean oils in the

animals. Supporting our findings, some previous studies also

documented the association between hypertension and

increased VCAM-1 and ICAM-1 expressions (Parissis et al.

2001; Boulbou et al. 2005). The augmented expression of

these inflammatory adhesion molecules on activated endo-

thelial cells mediates the rapid recruitment of leucocytes to

the site of endothelial injury.

In present study, we found that the LOX-1 expression

was increased in 5HSO- and 10HSO-fed rats. LOX-1 can

be up-regulated by oxidative stress (Mehta et al. 2006). We

observed significant positive correlations between LOX-1

and the expressions of VCAM-1 and ICAM-1. Inoue et al.

(2005) demonstrated that LOX-1 over-expression promoted

the expression of VCAM-1 and ICAM-1 on the endothelial

cells, which further contributing to vascular inflammation.

Hence, increased LOX-1 may play a role in inflammation

(Cominacini et al. 2000). The significant positive relation-

ship between LOX-1 expression and blood pressure sug-

gests that LOX-1 may as well play a part in the blood

pressure raising effect of repeatedly heated soybean oil. This

finding was in agreement with the results by Nagase et al.

(1997) reporting that LOX-1 expression in the aorta was

up-regulated in hypertensive rats, which may be involved in

the impaired endothelium-dependent vasodilation in these

rats.

PGI2 production was decreased in 5HSO and 10HSO

groups, which might be attributed to increased oxidative

stress. Increased oxidative stress decreases the ability of the

aorta to produce PGI2 in rats (Mahfouz & Kummerow

2004), by reducing the activity of PGI2 synthase in aorta

(Du et al. 2006). Subsequently, reduced PGI2 caused an

increase in blood pressure. In addition, the TXA2 and PGI2
ratio was observed to correlate significantly inversely with

the expression of VCAM-1, ICAM-1 and LOX-1. These

results suggest that an increase in inflammatory adhesion

molecules may reflect endothelial failure in producing PGI2,

and subsequently, it would impair the balance between

these prostanoids. Supporting our findings, Iliodromitis

et al. (2007) reported that a significant reduction in the cell

adhesion molecule expressions may indicate a better preser-

vation of endothelial function. Inflammation may contribute

to vascular damage. Moreover, the study by Vayssettes-

Courchay et al. (2010) also showed that inflammation acti-

vated TXA2, causing an imbalance between TXA2 and

PGI2.

However in this study, 10HSO decreased TXA2, whilst

5HSO increased it. We postulated that higher reactive oxy-

gen species in 10HSO inhibited TXA2 synthase, whilst lower

oxidants in 5HSO stimulated TXA2 formation. TXA2 pro-

duction was previously found to be stimulated at a low con-

centration of oxidizing agents, followed by an inhibition at

a higher concentration (Hecker et al. 1991; Ambrosio et al.

1994). Although TXA2 concentration was lower in 10HSO

group, but we observed 10HSO increased TXA2/PGI2 ratio,

which suggests an imbalance between TXA2 and PGI2. It

must be kept in mind that the importance of these two vaso-

active substances is not about the production of either

TXA2 or PGI2, but the balance between them (Smith et al.

1991). Both 5HSO and 10HSO groups showed increased

TXA2/PGI2 ratio, which may suggest the vasoconstrictor

effect of TXA2 may overpower the vasodilator effect of

PGI2, leading to elevated blood pressure. Supporting the

findings, our previous experiment demonstrated that intake

of repeatedly oils attenuated vascular relaxation but

enhanced contraction in rats (Leong et al. 2010).

Our finding suggests that prolonged consumption of

repeatedly heated soybean oils causes vascular hypertrophy,

as shown by the increased thickness and area of the aortic

wall. It is well recognized that increased blood pressure is

associated with an altered biochemical environment (Arribas

et al. 2006). An imbalance between PGI2 and TXA2 may

play a role in inducing hypertrophic remodelling. PGI2 inhib-

its vascular smooth muscle cell proliferation (Kothapalli et al.

2003) and maintains the vascular integrity, conferring cardio-

protection. On the contrary, TXA2 promotes proliferation of

vascular smooth muscle cells. The increasing pattern in the

nuclei size from the control to the 10HSO group might indi-

cate smooth muscle cell hypertrophy. In addition, increased

inflammation may also induce vascular remodelling (Liu

et al. 2010). Furthermore, high blood pressure may increase

CWT, which is the force that counterbalancing the strain

produced by blood pressure on the vessel wall, and further
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predisposes the vascular wall to damage (Intengan et al.

1999). However, TS, which is the tension per unit of thick-

ness and acts perpendicularly to the wall, did not differ

amongst the groups maybe due to the wall thickening. Over-

all, this vascular remodelling may compromise the compli-

ance of blood vessel in the blood pressure regulation.

Lastly, our findings suggest that inflammation might play

a role in the blood pressure elevation after prolonged intake

of repeatedly heated soybean oil. The possible blood pres-

sure raising mechanisms caused by repeatedly heated soy-

bean oil is depicted in Figure 7.

Conclusion

In conclusion, the present study demonstrates that FSO does

not cause deleterious effects on blood pressure in rats. Pro-

longed consumption of repeatedly heated soybean oil, how-

ever, increases blood pressure. The blood pressure raising

effect of the repeatedly heated soybean oil might be mediated

by the increased inflammation, leading to an altered prosta-

noid production and adverse vascular remodelling.
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